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Abstract—Memrristor-based logic-in-memory (LIM) is an
emerging technology that enables logic operations within mem-
ory, making it a promising solution for data-intensive appli-
cations. LIM architectures have different types according to
where computations are executed, with each type being suitable
for specific design objectives and application domains. However,
mapping applications to a single LIM mode restricts the full
utilization of different LIM modes. In this paper, we propose
LIM-GEN, a data-guided framework for automated generation
of heterogeneous LIM architectures. To take advantages of
different LIM modes, three LIM modes are combined and used
as building blocks to create heterogeneous architectures. Given
the data-centric nature and large design space, there is an
urgent need of developing new EDA tools for synthesizing such
LIM architectures. LIM-GEN includes an automatic hardware
synthesis flow, which takes behavior-level descriptions as input to
generate application-specific architectures and dataflows. During
synthesis, data distribution, task allocation and crossbar mapping
are optimized through a design space exploration process. We
evaluate LIM-GEN in several data-intensive applications and
compare the generated heterogeneous architectures with synthe-
sized architectures with a single LIM mode. The experimental
results demonstrate significant improvements in latency, area and
power consumption, brought by the heterogeneous architectures
generated by LIM-GEN.

Index Terms—Logic-in-memory, design automation, memris-
tor, heterogeneous architecture

I. INTRODUCTION

Traditional von Neumann computer architectures require
frequent data transfers with memory during computation,
which leads to significant performance degradation when deal-
ing with data-intensive applications. This is the so-called mem-
ory wall bottleneck. Benefitting from the electronic character-
istics of non-volatile devices, like memristors, the compute-
in-memory (CIM) technology has emerged as a new com-
puting paradigm, which eliminates the need of transferring
data from/to the processing units. CIM is considered to be a
promising solution to the memory wall challenge.

This work was supported by National Key R&D Program of China (No.
2018YFA0701500), by National Natural Science Foundation of China (Nos.
62122076, 61834006, and 62025404), by Key Research Program of Frontier
Sciences, CAS (No. ZDBS-LY-JSC012), by Strategic Priority Research Pro-
gram of CAS (No. XDB44000000), and by Innovative Project of Institute of
Computing Technology, CAS (No. E261040).

Depending on the application scenario and the method of
operation, memristor-based CIM architectures can be divided
into two main categories. One type is processing-in-memory
(PIM) for neural networks, such as ISAAC [1], PRIME [2].
They use memristor crossbars to accelerate analog matrix-
vector multiplications. The other type is logic-in-memory
(LIM) for general applications which involve lots of logic
operations. Different from PIM, the various LIM architectures
differ greatly in the way they perform operations. Ref. [3]
summarizes and classifies LIM implementations according to
the data statefulness, proximity of computation and flexibility.

From the computing mode point of view, LIM can be
generally classified into three categories: compute-in-crossbar
(CCO) [4]-[6], push-to-periphery (PP) [7]-[9] and search-after-
storage (SS) [10]-[12]. Each LIM mode has its own applicable
scenarios and drawbacks.

CC uses the electronic characteristics of memristors to per-
form logic operations within crossbars. Both input and output
are represented by resistance of memristors, and the result
is written directly into an output memristor. All operations
are performed within crossbars. This LIM mode significantly
reduces data movement. It does not require complex peripheral
circuits, making it ideal for fine-grained bit operations with
minimized area overhead. However, the large number of
memristor write operations results in lower performance and
higher energy consumption.

PP depends on the peripheral circuits of memory arrays
for logic operations. This mode usually activates multiple
memory rows and gets the logic result of activated rows in the
peripheral circuits, which provides extremely high parallelism.
The currents flowing through the activated input memristors
are transferred to the peripheral circuits and the result of some
bit-wise logic operation is obtained through modified sense
amplifiers (SAs). As the input and output are represented by
resistance and voltage, respectively, the output needs to be
written back to the crossbar first for future operations. In
addition, data in the memory needs to be fully aligned for
massively parallel bit-wise logic operations.

SS is a kind of memristor-based FPGAs, where memristors
are used to store the truth tables of lookup tables (LUTs),

Authorized licensed use limited to: University of Chinese Academy of SciencesCAS. Downloaded on January 17,2024 at 06:37:36 UTC from |IEEE Xplore. Restrictions apply.



replacing the conventional volatile SRAMs. Both the input and
output are represented by voltage. Benefiting from LUTs, this
LIM mode helps to implement complex logic operations (e.g.,
cascaded logics). It needs input and output data to be stored
in other locations rather than in the LUTSs, which results in
data transfers. In addition, the area of peripheral circuits is
not small.

Existing LIM architectures only use a single logic mode,
thus suffering from the disadvantages of the adopted logic
mode, as mentioned above. For example, MAJ [6] and IM-
PLY [5] belong to the CC category, and PINATUBO [7]
is an implementation of PP, while ME [13] belongs to the
SS type. In practical applications, different computation tasks
have different characteristics and a single logic mode may not
fit well. To fully exploit the advantages of the LIM technology,
different LIM modes should be combined, and computation
tasks should be elaborately mapped to the most suitable logic
modes, taking into account the characteristics of both the
computation tasks and the logic modes.

In this paper, we propose LIM-GEN, a data-guided frame-
work designed for automated generation of heterogeneous
LIM architectures. We utilize software/hardware co-design
within this framework to generate power, performance and
area (PPA)-optimized LIM architectures. On the hardware
side, we combine the three LIM modes to create a het-
erogeneous LIM architecture, which is used as a template
(backbone) for synthesis and mapping. On the software side,
we develop a synthesis and mapping flow that automatically
converts VHDL behavior descriptions to application-specific
LIM architectures. During the synthesis and mapping flow,
PPA is optimized through a design space exploration (DSE)
process, under given constraints. Different from the conven-
tional logic synthesis and high-level synthesis flows, where
data is scheduled according to the locations of computing com-
ponents, in LIM-GEN, we decide the locations of computation
tasks according to data locations to minimize data transfers,
so it is a data-guided flow.

Our contributions in this paper are listed as follows.

e« We propose combing different LIM modes to create
heterogeneous LIM architectures, to fully exploit their
advantages, enabling different computation tasks to be
optimally mapped to the most suitable LIM modes.

o« We optimize the existing LIM modes and modularize
them to build a rich design space, to support the explo-
ration of the optimal heterogeneous LIM architectures.

o To generate heterogeneous LIM architectures from appli-
cation behavior descriptions, a synthesis flow is proposed.
The synthesis takes VHDL as input and performs a se-
ries of optimizations on data distribution, task allocation
and crossbar mapping, to generate PPA-optimized LIM
architectures.

II. LOGIC-IN-MEMORY BACKGROUND

A. LIM Basics

LIM is a technology that uses the electronic characteristics
of special memory devices to perform in-situ logic operations
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Fig. 1. Overview of LIM. (a) ITIR unit. SL: select line. WL: word line. BL:
bit line. (b) Compute-in-crossbar (c) Push-to-periphery. Act: activation. WB:
write back. (d) Search-after-storage. DIN: input. DOUT: output.
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Fig. 2. Three different CC implementations and their basic operations. (a)
MAGIC [16]. (b) IMPLY [5]. (c) MAJ [6].

within memory. Memristor is an emerging nonvolatile device
that has the potential for LIM [14]. The resistance of a mem-
ristor can be switched between high resistance state (HRS)
and low resistance state (LRS) by applying corresponding
voltages to its terminals. Memristors can be used to perform
LIM logic operations, with HRS and LRS representing logic
0 and 1, respectively. As a passive device, directly connecting
multiple memristors to form crossbar arrays will cause sneak
paths [15]. One-transistor-one-memristor (1T1R) is a basic
unit commonly used to form an array, as shown in Fig. 1(a).

B. Compute-in-Crossbar

This kind of LIM performs “computing while writing”.
MAGIC [16], MAJ [6] and IMPLY [5] are three typical CC
implementations, as shown in Fig. 2. Both input and output
are expressed as memristor resistance values. MAGIC [16]
does not modify the inputs, which is very suitable for use in
LIM, as shown in Fig. 1(b) and Fig. 2(a). Based on MAGIC,
FELIX [17] expands its logical operations, enabling NOR,
NOT, NAND, MIN, and OR in one step.

C. Push-to-Periphery

The endurance and switching latency of memristors limit
the use of CC. To alleviate the problems, LIM using pe-
ripheral circuits for computing is proposed, which we call
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Fig. 3. Modified-SA for PP LIM. (a) 1TIR in crossbar. (b) C-SA [7]. (c)
D-SA [9].

PP. The connection between SA and the array is shown in
the Fig. 3(a). The sense amplifiers (SAs) in the peripheral
circuits are modified to support highly-parallel bitwise logic
operations. There are two typical implementations, capacitor
SA (C-SA) [7] and double-threshold SA (D-SA) [9], as shown
in Fig. 3. They use reference resistors or reference currents
for logic operations. Typically two or more memory rows
are activated simultaneously for bitwise logic operations, as
Fig. 1(c) shows, but they do not deal with operations between
bit-vectors in the same row. This makes them inflexible. In
addition, inputs of PP are expressed as memristors’ resistance,
while outputs are expressed as SAs’ output voltages. When
outputs are re-involved in further computations, they need to
be written back to the crossbar array first.

D. Search-after-Storage

Both CC and PP support only a limited number of logic
operations. Complex logic must be unrolled, resulting in a
large number of intermediate results. CC and PP require
frequent writing to memristors and are not suitable for han-
dling complex logic operations. Several works [10], [11], [13]
have designed memristor-based FPGAs that can solve these
problems well. As Fig. 1(d) shows, memristors store the truth
tables of LUTs. The outputs (DOUT) are fed back to the input
selection MUXes of the LUTs, so that an N x N crossbar array
can support at most IV levels of cascaded logic. In our design,
SS is usually used as an acceleration unit for complex logic,
with both inputs and outputs represented by voltage.

E. LIM Design Automation

In traditional high-level synthesis, a limited number of arith-
metic devices are allocated during the scheduling process, and
placement and routing are performed based on the scheduling
result [18]. It not applicable for LIM because the routing
result is required to schedule communication [19]. In LIM
architectures, data are stored and operated in the same area,
and storage units play the role of arithmetic devices. The
scheduling process becomes “putting data in right places”. It
means that LIM design automation needs to be guided by data.

The design space for efficient data allocation and leveraging
different LIM units is vast, necessitating the use of automated
methods to aid in the design process. Once scheduling is
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Fig. 4. Overview of heterogeneous architecture template. (a) Hardware library.
(b) Heterogeneous architecture. D-C/D-S/D-P: decoders of CC, SS and PP
architectures. CA: carry calculation and alignment unit. SAC: sum and carry
unit. HDD: hardware description diagram.

completed, the data’s specific locations are determined, which
involves the technology mapping process of LIM [20], often
referred to as crossbar mapping in [21]. An automated gener-
ation framework for heterogeneous LIM architectures requires
a combination of synthesis and crossbar mapping to achieve
optimal PPA results.

III. HARDWARE ARCHITECTURE

This section introduces our proposed heterogeneous LIM
architecture template which will be used for automated ar-
chitecture generation. We split the LIM components into
modules and use a graph-based description for the design
space. The generality of an architecture can be defined as
a combination of flexibility, scalability and compatibility. As
mentioned earlier, we have selected three LIM modes. In order
to design heterogeneous architectures flexibly and prepare for
the design automation process, we optimize the generality of
each LIM mode and build a rich design space.

A. Architecture Template Overview

The overview of the heterogeneous LIM architecture tem-
plate is shown in Fig. 4. Green arrows represent the data
path. We store data in crossbar arrays and choose modular
functional components to perform required computations. This
constitutes a rich design space. Components need to be generic
and modular in order to meet various design needs. We will
optimize the three LIM modes for generality below.

With the ITIR crossbar array as the basic building block of
crossbar arrays, the peripheral circuits around them can have
different components, as Fig. 4 shows. Components marked by
the same color belong to the same LIM mode, and different
LIM modes can be arbitrarily combined to form different
architecture designs. The register file stores immediate values
or intermediate results. The three LIM modes need different
decoders: in PP decoders need to activate multiple rows for
bitwise logic operations, while in CC complex decoders are
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Fig. 6. Carry calculation and alignment unit. (a) Our CA. (b) CA without
switch [22]. (¢) State transition table.

required to provide additional voltage levels to support in-
situ logic operations and write back. When an array needs
to perform ADD operations, carry- and sum-related circuits
can be added to it. In PP, depending on the SA design for
logic operations (D-SA or C-SA, see Fig. 3), we have two
different implementations of PP: C-PP and D-PP. SA can also
add functional components as needed, which we will describe
in detail below.

B. CC Carry Calculation and Alignment

CC performs fine-grained logic operations within a crossbar
array. It is cumbersome to implement carry alignment when
performing multi-bit ADD. We need peripheral circuitry to
help with carry alignment. We choose FELIX [17] as the basic
method for CC logic operations. When performing an ADD
operation, FELIX is based on

S;=A; ® B; © C;, )
Ci+1 = A;B; + B;C; + A;C; = MAJ{A,L, B;, Cz}

The process of an XOR operation of FELIX is shown in
Fig. 5. In order to calculate and align the carry bits, we design
a carry calculation alignment unit (CA), as shown in Fig. 6.
CA consists of two cross-coupled inverters, two switches (S1
and S2), and a resistor whose resistance R is equal to LRS.
S2 in W L; connects to W L,,;. Fig. 6(b) and Fig. 6(c) show
the principle. When the number of LRS among A;, B; and C;
is greater than or equal to 2, the output voltage of the inverter
will be pull up to 3.3V, and C;;; will be set. Based on this
principle, our designed carry calculation and alignment circuit
is shown in Fig. 7. The green line represents the calculation
process. To avoid changing A;; and B;11, as shown by the
red line in the figure. We use the CA’s two inverters and
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Fig. 7. Our designed CC carry calculation and alignment circuit. WL: word
line. BL: bit line. G(SL): select line serves as a gate.
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Fig. 8. PP optimization. (a) Direct-input unit of PP. (b) Sum and carry unit [8].

switches to temporarily store the result, and then continue the
transmission after closing G; and Go.

C. PP Write-back Reduction

PP performs bitwise logic operations by modified SAs
for multiple activated memory rows. Unlike the “Computing
while writing” of CC, storage and execution of PP must be
performed serially because of the signal conversion between
voltage and resistance. As mentioned above, PP requires the
inputs stored in the crossbar array. When there are a lot of
intermediate results in the calculation, frequent write back
operations seriously affect the performance.

To reduce write back operations, we add a direct-input
row in each crossbar array. As Fig. 8(a) shows, a direct-
input unit consists of a transmission gate and a transistor. By
applying data to the direct-input terminals, it acts as the same
function of an activated memory row. The intermediate results
in continuous operations or data from other arrays can continue
to participate in subsequent operations through the direct-input
row without writing back. There is a trade-off between writing
data back and reading data to the direct-input units. Latches
are needed to store data for the direct-input units.

Similar to CC, PP also has problems with carry calculation
and transmission when performing ADD. Ref. [8] proposes
a sum and carry unit integrated in each SA, consisting of
11 MOSFETs. As Fig. 8(b) shows, carry signals can be
transferred directly between SAs without going through the
crossbar array. This unit can also be used as an additional
component of C-SA and D-SA to implement fast ADD oper-
ations.
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D. SS Area Optimization

SS uses memristor-based LUTs for logic operations. We
modify ME [13] in LIM-GEN. Its circuit diagram is shown
in Fig. 9. There are many memristor-based MUXes for
implementing reconfigurable logic. In this work, after logic
synthesis and crossbar mapping, only one memristor in each
MUX will be set to LRS. In other words, the hardware
architecture is fixed for the given application, which means
that we do not need the reconfigurability feature. We remove
the memristor-base MUXes in ME to save area and power
overhead. All yellow MUXes in the figure will be changed to
wires. For a 64 x 64 array, the overhead of 25664 memristors
can be saved.

Additionally, complex logic may require multiple levels of
cascading. In order to modularize the operation, we can use
synthesis tools to obtain the number of cascades and the
number of LUTSs required, and use them to determine the
latency and size of the array, which further reduces the area
and power.

E. Hardware Library

The hardware library consists of components and operation
parameters. From the above component optimizations, we
have built various optimized components for different LIM
modes. By pre-synthesizing the basic operations of various
components, the latency, energy consumption and devices
required for the operations can be measured. The hardware
library will be used in the LIM-GEN framework to help
evaluate the generated architecture.

IV. DESIGN AUTOMATION FRAMEWORK

In this section, we introduce the LIM-GEN framework in
detail. The framework automatically converts VHDL behav-

ioral descriptions to heterogeneous LIM architectures based
on the architecture template. The automatic generation process
includes compilation, synthesis, and crossbar mapping, as well
as an integrated design space exploration flow.

A. Overview of LIM-GEN

The overview of LIM-GEN is shown in Fig. 10. The inputs
to the framework include a VHDL behavior description, design
objectives, and constraints. We first compile the VHDL netlist
into the form of a control data flow graph (CDFG) by using the
hdIConvertor tool [23], and generate initial control steps for
the operations in the CDFG. The design automation process
will start from the initial control steps. We use the simulated-
annealing algorithm for design space exploration, through
synthesis, crossbar mapping, and simulation in the iterations,
to obtain an optimized heterogeneous LIM architecture. The
overall generation process is an iterative DSE loop. In each
DSE iteration, the data locations, the control steps of the
operations, and the LIM type of each operation are changed
according to the simulated-annealing algorithm. Generally, the
design automation has the following two steps.

Synthesis and crossbar mapping: Schedule the operations
in the control steps, determine where the data is stored, and
select the appropriate hardware for the operations.

Simulation, evaluation and iteration: Use the integrated
simulator to obtain performance parameters, and evaluate per-
formance and explore the design space until results converge.

Different from prior LIM logic synthesis works [6], [24]
that dismantling applications to fit the designed architectures,
in LIM-GEN, we generate application-specific architectures
to fit the applications to achieve higher optimization. The
locations where the operations are performed are all guided by
the data location. In LIM-GEN, users can input area and power
constraints to constrain the automatic generation process.

B. Synthesis and Crossbar mapping

In LIM-GEN, synthesis and crossbar mapping are cou-
pled in a single step. The synthesis process is guided by
the data and maps data to crossbars. This step generates a
hardware architecture based on the CDFG with operations’
control steps and determines the location of the data. In this
process, data allocation and task allocation will be determined.
We first randomly select the storage locations for the data,
and generate an initial hardware description diagram (HDD).
HDD describes the hardware architecture using the functional
components. The LIM architecture can be disassembled into
different functional components. We select components from
the hardware library according to the design requirements to
form a heterogeneous architecture.

We select the execution locations of the operations accord-
ing to the guidance of the data locations, and add components
and create new crossbar arrays during this process.

1) Dependencies: Executing operations in parallel accord-
ing to their control steps needs to handle dependencies.
Dependencies can be classified into three categories: data
dependency, control dependency, and structural dependency.
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Data dependency and control dependency are implied in the
CDFG while structural dependency cannot be represented by
the CDFG because it is related to hardware. In traditional
von Neumann architectures, structural dependency usually
represents dependency on computing devices, as shown in
Fig. 11(a). In LIM architectures, there is no dedicated com-
puting device. Instead, the structural dependency between
operations are determined by the array itself. Consequently,
different operations that involve data stored in the same array
cannot be executed in parallel, even if they are in the same
control step, as shown in Fig. 11(b).

2) Select Execution Array: Nodes in the CDFG can be
divided into calculation and assignment nodes. Calculation
nodes can only be run on crossbar arrays, while assignment
nodes can also be run by other components such as registers
and latches. We design different processing strategies for the
two kinds of nodes, as shown in Fig. 12.

Hit strategy for calculation nodes: Before deciding the
type of crossbar array to execute, we find the operand. The
location at which an operation is executed is influenced by
both the locations of the operands and the design objectives.
There is a “hit relationship” between the execution array and
the operands. As shown in the Fig. 12(a), when two operands
are present in the same array, we get a “hit”, so the current
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Fig. 13. (a) Add components. CA: carry calculation and alignment unit. (b)
Create new array.

operation will be decided to execute on this array; otherwise,
we get a miss. In the case of a miss, it becomes necessary
to retrieve the data from one place to another, causing data
movement between arrays. We choose to execute the operation
at one of their locations according to the considerations such
as waiting time, design target requirements, array type and
operation matching. Enhancing the hit rate can significantly
boost the overall performance of the architecture.

Out-degree strategy for assignment nodes: In LIM-GEN,
all operation results are assigned to variables for future use. As
a result, assignment nodes typically have multiple out-degrees.
However, when the out-degree of an assignment node is zero,
there is no need to store the value in the storage unit, as shown
in Fig. 12(b).
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3) Add Components and Create New Arrays: The hardware
generation process can be described by HDD. During the
synthesis of the operations, we add components to the original
HDD or create a new array in it. We devise separate strategies
for adding components and creating new arrays, as shown in
Fig. 13. The component here commonly refers to CA and SAC,
which is not included in the initial HDD for area saving. When
the current array needs to execute ADD operations, we add it
to the array and update the HDD.

In the face of two situations, it iS necessary to create a
new array. One is when the current array cannot perform the
functions, such as performing complex logic. Complex logic
means the operations that cannot be supported by CC or PP
(e.g., multiplication, comparison or division). The second is
that the storage space of the current array has been used up.
We decide a priori to use SS for complex logic. For highly-
parallel bit-wise simple logic operations, we choose PP for
the newly created crossbar, while for other logic operations,
we choose CC. The crossbar types will be randomly changed
during DSE to find the best configurations. It is worth noting
that determination process of the array type requires some
randomness, because the impact of the execution of an op-
eration on the overall performance is unknown and hard to
evaluate. They will be explored during DSE. After creating a
new crossbar array, we update the HDD accordingly.

C. Simulation, Evaluation and Iteration

LIM-GEN integrates a behavioral simulator. Based on the
hardware library built in Section III, we can get the current
execution time, energy consumption and hardware information
after each step of operation is executed.

After the above steps, we can get the power consumption
and latency according to the simulator. The design information
of the current architecture can be obtained according to the
HDD. We use the simulated-annealing algorithm for DSE,
in which the current architecture is randomly perturbed by
randomly changing the data locations, array type and control
steps of operations. The objective function is the user given
design objective. The constraint can be total power or area
consumption. Under the constraint, we can explore the optimal
heterogeneous architecture design for optimized latency, power
consumption or area.

V. EVALUATION

In this section, we evaluate the performance of the generated
LIM architectures by LIM-GEN.

TABLE 1
MEMRISTOR PARAMETERS [25].
Parameter Value \ Parameter Value
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Fig. 14. Results and comparisons under power constraint.

A. Experiment Setup

Before simulation, we build a library of hardware param-
eters and pre-synthesize the basic operations of the three
LIM modes. We use HSPICE with VTEAM [26] and PTM
45nm [27] to simulate the parameters of CC and the 1TIR
unit, and Design Compiler to obtain the parameters of digital
components. The basic parameters of memristor are based on
Ref. [25], as shown in Table 1.

To validate the performance of the heterogeneous archi-
tectures generated by LIM-GEN, we select several common
general logic applications, including DES encryption, RCA
encryption, mean filtering, image binarization processing, and
arithmetic encoding algorithm. These applications involve a
significant number of Boolean logic operations, making them
ideal candidates for acceleration using LIM architectures.

The performance parameters of the heterogeneous archi-
tectures are simulated by the integrated simulator of LIM-
GEN. To demonstrate the advantages of combining different
LIM modes, we also use LIM-GEN to create several single-
mode baselines. That is to say, we restrict the synthesis and
mapping process to use only a single LIM mode, i.e., FELIX
(CC logic) [17], C-SA [7], D-SA [9] (PP logic) or ME (SS
logic) [13], to obtain single-mode baselines, and compare them
separately with the heterogeneous architectures generated by
LIM-GEN.

Runtime: LIM-GEN is implemented in C++ and takes
approximately an hour to synthesize a LIM architecture.

B. Performance Evaluation

LIM-GEN is a powerful tool that can optimize various
design objectives while adhering to specific design constraints.
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Fig. 15. Results and comparisons under area constraint.

In evaluation, each design is exclusively optimized for only
one specific metric, while the other metrics are required to
remain within reasonable ranges. In our cases, we perform
design optimization considering two crucial constraints: area
and power consumption.

Under the constraint of the total power consumption,
the optimization results of LIM-GEN for latency and area are
depicted in Fig. 14(a) and Fig. 14(b), respectively.

Fig. 14(a) demonstrates the optimization of latency using
LIM-GEN. It reveals that LIM-GEN achieves speedups of
13.9x, 11.1x, 8.6x, and 2.65x compared with the original
implementations of FELIX, C-SA, D-SA, and ME, respec-
tively. The execution speed of FELIX (CC) is relatively slow
due to the inclusion of numerous memristor write operations.
C-SA and D-SA (PP) exhibit better parallelism, but their per-
formance can also be affected by data write-back operations.
ME (SS) does not require data conversion during operations,
but the data movements between storage units and LUTS
introduce additional latency overhead.

Fig. 14(b) presents the optimization results of LIM-GEN
for total area. It demonstrates substantial area optimizations
achieved by LIM-GEN, with improvements of 85.7x, 3.1x,
4.5%, and 20.4x compared with FELIX, C-SA, D-SA, and
ME, respectively. FELIX utilizes a relatively small area, but
when processing complex logic, a large number of intermedi-
ate results contribute to significant area overhead. ME, on the
other hand, has a larger area footprint due to the utilization of
a large number of memristor-based MUXes.

Under the constraint of the total area consumption,
the optimization results of LIM-GEN for latency and power
consumption are presented in Fig. 15(a) and Fig. 15(b),

respectively.

Fig. 15(a) illustrates the optimization of latency using LIM-
GEN. It demonstrates speedups of 6.5x, 3.9%,1.9%, and 1.1x
achieved by LIM-GEN compared with FELIX, C-SA, D-SA,
and ME, respectively.

On the other hand, Fig. 15(b) shows the optimization results
of LIM-GEN for power consumption. LIM-GEN achieves
power savings of 6.1x, 3.8%, 4.1x, and 4.4x compared with
FELIX, C-SA, D-SA, and ME, respectively. Notably, FELIX
exhibits higher power consumption due to the elevated write
overhead of memristors when numerous write operations are
involved.

The inclusion of CA units in CC, SAC units and direct-input
units in PP, and the removal of the memristor-based MUXes
in SS contribute to significant optimizations in both latency
and area.

In the case of CC, the addition of the CA units acceler-
ates the calculation of complex logic, reducing the overhead
associated with memristor write operations when computing
intermediate results. This enhancement improves the overall
execution speed of CC and helps to minimize latency.

Similarly, for PP, the inclusion of the direct-input units and
the SAC units enables operations to be performed with reduced
write-back of intermediate results. This improvement enhances
the parallelism and efficiency of PP, resulting in increased
speed and reduced power consumption.

In the case of SS, the removal of the memristor-based
MUZXes leads to significant area optimization. The reduction
in area utilization enhances the overall efficiency of the design.

By incorporating these modifications, LIM-GEN effectively
optimizes latency, area and power consumption. The im-
provements in the hardware components, such as the CA
units, direct-input units, and removal of the memristor-based
MUXes, contribute to enhanced performance, reduced power
consumption, and efficient resource utilization in the design
process.

In addition to hardware optimization, LIM-GEN combines
the advantages of the three LIM modes, puts data in the
best locations through design space exploration, and uses
the appropriate LIM modes to perform operations, achieving
significant PPA improvements.

VI. CONCLUSION

In this paper, we propose a design automation framework
capable of designing heterogeneous LIM architectures. The
framework combines synthesis and mapping techniques with
data-guided hardware generation. We evaluate the performance
of LIM-GEN using a variety of general logic applications,
such as encryption, image processing, and encoding. Compar-
ing heterogeneous LIM architectures designed by LIM-GEN
with four individual LIM architectures, we observe significant
improvements in latency, area, and power consumption. This
demonstrates the conclusion that a single LIM mode may
not be the best, and instead, different LIM modes should be
combined for different logic operations.
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